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ABSTRACT
In this Letter, we make use of sophisticated 3D numerical simulations to assess the extent of atmo-
spheric ion and photochemical losses from Mars over time. We demonstrate that the atmospheric ion
escape rates were significantly higher (by more than two orders of magnitude) in the past at ∼ 4 Ga
compared to the present-day value owing to the stronger solar wind and higher ultraviolet fluxes from
the young Sun. We found that the photochemical loss of atomic hot oxygen dominates over the total
ion loss at the current epoch whilst the atmospheric ion loss is likely much more important at ancient
times. We briefly discuss the ensuing implications of high atmospheric ion escape rates in the context
of ancient Mars, and exoplanets with similar atmospheric compositions around young solar-type stars
and M-dwarfs.
1. INTRODUCTION
Mars has always represented an important target from
the standpoint of planetary science (de Pater & Lissauer
2001), especially on account of its past, and perhaps
even its current, biological potential (Jakosky & Phillips
2001; Ehlmann et al. 2016). In particular, ancient
Mars (∼ 4 Ga) has attracted a great deal of atten-
tion (Wordsworth 2016) because it may have possessed
aqueous environments with water-rock interactions
(Hurowitz et al. 2017), minerals (Ehlmann & Edwards
2014), biogenic elements (Faire´n et al. 2016), suitable
energy sources for prebiotic chemistry (Lingam et al.
2018) and possibly oceans (di Achille & Hynek 2010);
all of these factors could have enhanced the prospects for
its habitability. Furthermore, some authors have sug-
gested that the atmospheric composition and conditions
of Noachian Mars were fairly similar to Hadean-Archean
Earth (McKay 2010) and there is also a non-negligible
probability that life could have been transferred from
the former to the latter via lithopanspermia.
However, one of the most striking differences between
ancient and current Mars is that the former had a
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thicker atmosphere compared to the present-day value
(Jakosky & Phillips 2001), thereby making Noachian
Mars potentially more conducive to hosting life. This
discrepancy immediately raises the question of how
and when the majority of the Martian atmosphere was
lost, as well as the channels through which it occurred
(Brain et al. 2016). There are compelling observational
and theoretical reasons to believe that the majority of
atmospheric escape must have occurred early in the
planet’s geological history (Lammer 2013; Jakosky et al.
2017), when the extreme ultraviolet (EUV) flux and the
solar wind from the Sun were much stronger than today
(Ribas et al. 2005; Boesswetter et al. 2010; Dong et al.
2017a). Moreover, the Martian dynamo shut down∼ 4.1
Ga and Mars currently has only weak crustal magnetic
fields (Lillis et al. 2013). Our understanding of present-
day Martian atmospheric escape has improved greatly
thanks to observations undertaken by, e.g., the Mars
Atmosphere and Volatile EvolutioN mission (MAVEN)
(Jakosky et al. 2015) in conjunction with detailed the-
oretical modeling (Lee et al. 2015a; Fang et al. 2017;
Bougher et al. 2017; Ma et al. 2017; Dong et al. 2018b).
In this Letter, we will make use of the one-way
coupled framework developed by Dong et al. (2015)
and Lee et al. (2015b), known to accurately reproduce
MAVEN observations, for studying the ion and pho-
tochemical escape rates over the history of Mars while
2self-consistently accounting for increased EUV and so-
lar wind. The outline of the paper is as follows. In
Sec. 2, we will describe the models and our numerical
setup. We follow this up by describing and analyzing
our results in Sec. 3. We conclude by summarizing the
salient points in Sec. 4.
2. MODEL DESCRIPTIONS AND SETUP
Here, we briefly outline the three sophisticated
3D global models for the Martian (i) ionosphere-
thermosphere, (ii) exosphere, and (iii) magnetosphere.
We simulate the ionosphere and thermosphere by
employing the Mars Global Ionosphere Thermosphere
Model (M-GITM) (Bougher et al. 2015). M-GITM is
a 3D “whole atmosphere” (ground to exobase) non-
hydrostatic model that includes all of the important ion-
neutral chemistry and key radiative processes. M-GITM
currently solves for neutral and ion densities, as well as
neutral temperatures and winds around the globe. In
this study, we initialize the Martian atmosphere by us-
ing current parameters since it has been shown that both
surface pressure (Dong et al. 2017b) and atmospheric
composition (Brain et al. 2016) do not have a significant
impact on atmospheric escape rates.
Above certain altitudes (i.e., beyond the exobase), the
fluid assumption is generally not valid anymore, thus a
kinetic model has to be used to model the nearly col-
lisionless exosphere. The dissociative recombination of
O+2 (that not only splits the recombined molecular O2
into atomic O but also gives the resultant atomic O ad-
ditional kinetic energy) is the most important reaction,
primarily responsible for producing the dayside atomic
oxygen exosphere. In order to simulate the 3D hot
oxygen corona and the associated photochemical escape
(i.e., loss of energetic atomic oxygen to space), we use
the 3D Mars Adaptive Mesh Particle Simulator (AMPS)
that solves the Boltzmann equation in the test-particle
mode using the Direct Simulation Monte Carlo (DSMC)
method. In Mars AMPS, the ionosphere-thermosphere
inputs are taken from M-GITM (Lee et al. 2015b). Both
M-GITM and Mars AMPS operate in the Geographic
(GEO) coordinate system.
Lastly, the 3-D BATS-R-US Mars multifluid MHD
(MF-MHD) model starts from 100 km above the Mar-
tian surface unlike its Earth counterpart that starts from
∼ 2-3 Earth radii. MF-MHD solves separate continuity,
momentum and energy equations for four ion fluids H+,
O+, O+2 , CO
+
2 (Najib et al. 2011; Dong et al. 2014). It
includes a self-consistent ionosphere and the concomi-
tant photochemistry such as photoionization, charge ex-
change, electron impact ionization and ion-electron re-
combination. In order to capture variations in the lower
ionosphere, the radial resolution near the inner bound-
ary is set to 5 km. The crustal magnetic fields are im-
plemented based on the 60 degree harmonic expansion
model adopted in Dong et al. (2014), the strongest of
which we set to face nightside in this study for simplicity.
For modeling the ionosphere, magnetosphere and the as-
sociated atmospheric ion loss, we take the advantage of
the existent one-way coupled framework, i.e., the M-
GITM thermosphere and the AMPS oxygen exosphere
are used as inputs for the MF-MHD model. MF-MHD
runs in the Mars-centered Solar Orbital (MSO) coordi-
nate system, where the +x-axis points from Mars to the
Sun, the +z-axis is perpendicular to the Martian orbital
plane and points northward, and the y-axis completes
the right-hand system.
We study four cases and the corresponding parameters
are listed in Table 1. They include the extreme ultra-
violet (EUV) strength, the time before present (tBP ),
nominal solar wind density (nsw) and velocity (vsw),
interplanetary magnetic field (BIMF ) and the angle
associated with an away sector Parker spiral (φIMF )
(Ribas et al. 2005; Boesswetter et al. 2010). The rea-
son we halt our analysis at ∼ 4 Ga is because little is
known of the pre-Noachian period (Carr & Head 2010)
and the solar wind parameters are very uncertain during
this epoch (Lundin et al. 2007).
3. RESULTS AND DISCUSSION
Figure 1 depicts the temperature and winds of the
Martian thermosphere at ∼ 200 km for equinox condi-
tions. An inspection of Figure 1 reveals that a high EUV
flux is correlated with a hotter thermosphere. Therefore,
the EUV heating of the thermosphere is self-consistently
computed, which is very important for deriving the at-
mospheric ion and photochemical losses.
Figure 2 shows the atomic hot oxygen density dis-
tribution in the meridian plane from AMPS based on
the M-GITM input. The presented asymmetry in the
hot oxygen density distribution is a result of higher O+2
abundance on the dayside than nightside. Compared to
the current epoch with relatively low EUV flux, ancient
Mars had a more intensive and extensive oxygen corona
resulting from the enhanced O+2 density at higher EUV
flux.
In Figure 3, we present the MF-MHD calculation of
O+ ion escaping from the planet. One of the features
of the MF-MHD model is that it captures the asym-
metric ion escape plume, resulting from the Lorentz
force term in the individual ion momentum equations
(Najib et al. 2011; Dong et al. 2014), as observed by
MAVEN (Dong et al. 2017c). The asymmetric ion es-
cape plume becomes less evident at earlier epochs be-
cause of both the extended corona and the smaller ion
gyroradius (∝ vsw/By) in this period. As seen from Fig-
ure 3, more O+ ions escape from the planet at higher
EUV and stronger solar wind.
We list the atmospheric ion and photochemical escape
rates in Table 1 and plot them in Figure 4; see also Fig.
4 of Luhmann et al. (1992) and Chassefie`re et al. (2007)
where similar calculations were undertaken based on less
comprehensive methods. The calculated atmospheric es-
cape rates in Table 1 are consistent with the density con-
3Table 1. Input parameters (first six columns) used for the different cases (Ribas et al. 2005; Boesswetter et al. 2010), ion
escape rates (7th to 9th columns) and photochemical escape rate (last column). Note that 1 EUV (below) refers to the EUV
flux received at Mars during the moderate phase of the solar cycle at the current epoch.
EUV tBP (Ga) nsw (cm
−3) vsw (km/s) BIMF (nT) φIMF (degree) O
+ (s−1) O+2 (s
−1) CO+2 (s
−1) Ohot (s
−1)
1 0.0 2.51 401 3.01 58.0 1.8×1024 2.6×1024 3.6×1023 2.7×1025
3 2.77 10.26 578 7.06 64.6 2.4×1025 6.6×1024 1.4×1024 8.5×1025
6 3.57 24.75 726 12.17 68.2 2.4×1026 9.3×1024 2.7×1024 9.9×1025
10 3.93 46.99 858 18.16 70.5 1.1×1027 1.2×1025 4.1×1024 1.0×1026
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Figure 1. Color contours of temperature (in K) at ∼ 200 km for 1, 3, 6 and 10 EUV under equinox conditions (that
approximately represents an average over one Mars orbit). The arrows in each panel indicate the relative magnitude (reference
is given in top right corner) and the direction of the horizontal winds. The vertical axes (i.e. latitude) range between −90◦ and
90◦. Note that the colorbar varies in different panels.
tour plots illustrated in Figures 2 and 3. It is noteworthy
that the difference in photochemical loss between the 6
EUV and 10 EUV cases is nearly indistinguishable. The
underlying reason is that the enhanced collision proba-
bility between hot oxygen and thermal species in the ex-
tended thermosphere can deflect hot/energetic particles
more efficiently and thus decreases the escape probabil-
ity of hot O (Zhao & Tian 2015). Interestingly, the pho-
tochemical escape rate of atomic hot oxygen dominates
over ion losses at the current epoch whilst the atmo-
spheric ion escape rate becomes an order of magnitude
larger than photochemical loss at ancient times, indi-
cating that atmospheric losses are primarily controlled
by ion escape for early Mars. In addition, compared to
molecular ion species (O+2 and CO
+
2 ), O
+ is the domi-
nant ion depleted at early epochs.
An analytic estimate of the total atmospheric escape
rate N˙ from weakly magnetized planets due to the ero-
sion by the solar wind is via N˙ ∝ (Rp/a)
2 M˙⋆, where
Rp and a are the planet’s radius and semi-major axis
respectively, while M˙⋆ denotes the solar mass-loss rate
(Zendejas et al. 2010; Dong et al. 2018a); also see, e.g.,
Cravens et al. (2017a) for related analyses. We end up
with N˙ ∝ t−2.33, where t is the age of the star, because
M˙⋆ exhibits this time dependence for solar-type stars
(Wood et al. 2005). The photochemical atmospheric
loss will be primarily driven by the EUV flux. Hence,
if the photochemical escape rate N˙O is proportional to
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Figure 2. Comparison of the hot oxygen density (in cm−3)
distribution in the x-z meridian plane for different EUV cases
using a logarithmic scale.
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Figure 3. Logarithmic scale contour plots of the O+ ion
density (in cm−3) in the x-z meridian plane for different
EUV and solar wind cases.
the EUV flux ΦEUV (Cravens et al. 2017b), we obtain
N˙O ∝ t
−1.19 because ΦEUV displays this time depen-
dence (Ribas et al. 2005). We find that the analytical
trends are in good agreement with the numerical simu-
lations at later epochs (t > 1 Gyr) but are less accurate
for ancient Mars.
From Figure 4, it can be seen that the total ion es-
cape rate was & 100 times higher than today at ∼ 4 Ga.
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Figure 4. Calculated ion and photochemical escape rates
over the Martian history.
Hence, our results are consistent with Mars having lost
much of its atmosphere early in its history, leading to
the Martian climate changing from a warm and wet en-
vironment in the past to the desiccated, frigid and thus
inhospitable one documented today. Our simulations in-
dicate that the total photochemical and ion atmospheric
losses over the span ∼ 0-4 Ga are approximately equal
to each other, and their sum amounts to ∼ 0.1 bar being
lost over this duration. If we assume that the oxygen lost
through a combination of ion and photochemical escape
mechanisms was originally derived from surface water,
we find ∼ 3.8×1017 kg of water has been lost from Mars
between 0 to ∼ 4 Ga; this mass corresponds to a global
surface depth of ∼ 2.6 m (the depth will be greater if
the water bodies were more localized). The calculations
do not include other potentially important loss processes
such as sputtering; therefore, it provides a lower limit on
the escape rates. Our result is more conservative com-
pared to earlier studies (Zhang et al. 1993; Luhmann
1997; Chassefie`re et al. 2007; Valeille et al. 2010) that
predicted O(10) m of water was depleted over Martian
history.
Before proceeding further, recall that our analytic es-
timates were expressible as N˙ ∝ t−α and N˙O ∝ t
−β with
α ≈ 2.33 and β ≈ 1.19. Our choice of these values was
motivated by the fact that the solar wind parameters
used in the numerical simulations (Boesswetter et al.
2010) were consistent with Wood et al. (2005), and the
ancient EUV fluxes were based on Ribas et al. (2005).
In actuality, the exponent α is not tightly constrained
and recent studies favor α . 1 (Cranmer & Saar 2011;
Johnstone et al. 2015). Similarly, other methods for cal-
culating the EUV flux over time - based, for instance,
on X-ray (Chadney et al. 2015) and Ly-α (Linsky et al.
2014) emission - lead to different values of β. Since
the integrated mass lost over the duration 0 to ∼ 4
Ga (due to ion loss mechanisms) is proportional to
(α− 1)
−1
[
(23/3)α−1 − 1
]
, we find that the overall es-
timated value changes at most by one order of magni-
5tude for α ∈ (0.5, 2.5); the factor of 23/3 occurs because
the current age of 4.6 Gyr (0 Ga) is divided by 0.6 Gyr
(∼ 4 Ga). The same conclusion also holds true for pho-
tochemical escape since the corresponding mass lost is
found via the substitution α → β. Hence, it seems rea-
sonable to conclude that the basic conclusions in this
Section are not greatly altered if the values of α or β are
changed.
4. CONCLUSION
In our solar system, Mars represents a classic example
of a planet where planetary habitability has been unam-
biguously affected by atmospheric losses. In this Letter,
we have studied the atmospheric ion and photochemical
escape rates from Mars over time. We found that the
atmospheric ion escape rates vary significantly over the
planet’s history, ranging from O
(
1027
)
s−1 at ∼ 4 Ga
to O
(
1024
)
s−1 in the present epoch. The correspond-
ing photochemical escape rate lies between O
(
1026
)
s−1
at ∼ 4 Ga and O
(
1025
)
s−1 today. Therefore, our sim-
ulations are consistent with the idea that Mars could
have transitioned from having a thick atmosphere and
global water bodies to its current state with a tenuous
atmosphere and arid conditions quite early in its history.
The total atmospheric loss over time predicted by simu-
lations may, perhaps, be tested against observations (to
some degree) by using isotope ratios, since the lighter
ions are picked up preferentially compared to the heavier
ions, akin to the method used by Jakosky et al. (2017).
However, we caution the reader that the uncertainties
involved with the solar wind and EUV flux increase as
we move towards more ancient epochs, implying that
our conclusions concerning atmospheric losses over time
will also be subject to a certain degree of variability.
Our results also have implications for the rapidly ex-
panding domain of exoplanets if one views Mars as a
prototype for small rocky exoplanets. Water can be
lost from the atmospheres of exoplanets in the habitable
zone (HZ) of M-dwarfs over relatively fast timescales
(Bolmont et al. 2017), compared to heavier molecules
(e.g. CO2). Since the total number of rocky exoplan-
ets in the HZ of M-dwarfs is expected to be ∼ 1010
(Dressing & Charbonneau 2015), the possibility of exo-
planets with atmospheric compositions similar to Venus
and Mars cannot be ruled out. Our work demonstrates
that such exoplanets, as well as those around young
solar-type stars, could be subjected to high atmospheric
escape rates early in their history. For exoplanets or-
biting M-dwarfs, the situation could be even worse due
to the more intense particle and radiation environments
that exoplanets experience in their close-in HZs. If the
escape rates scale as 1/a2, it is possible for ∼ 100 bars
to be lost from a Mars-like exoplanet in the HZ of an
M-dwarf of mass ∼ 0.1M⊙ over a span of ∼ 4.0 Gyr.
Equivalently, this corresponds to a global water depth
of ∼ 2.6 km being depleted if the source of atmospheric
oxygen was surface water. In turn, if their atmospheres
and oceans end up being altogether depleted over sub-
Gyr timescales, this could lead to detrimental effects in-
sofar their habitability is concerned (Dong et al. 2017b,
2018a; Lingam & Loeb 2018).
Thus, from a broader perspective, our work demon-
strates that atmospheric loss is not static but dynamical
in nature and that high escape rates will typically occur
early in the host star’s history. It is therefore necessary
to take this time-dependence into account when model-
ing atmospheric loss from early Mars, and Mars-like exo-
planets in the future. We also expect to incorporate the
impact of extreme space weather events that are highly
frequent on young and/or low-mass stars in our future
study (Dong et al. 2017a) to model the atmospheric loss
and evolution of early Mars/Mars-like planets.
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